Rating: ••Of major importance.
Introduction: Genome-wide association studies (GWAS) have shown a strong association between a locus on chromosome 1p13 and both plasma low-density lipoprotein cholesterol (LDL-C) and myocardial infarction (MI) in humans.
Aims: The aim of this study was to identify the responsible molecular mechanisms.
Methods: The methods include population genetic studies to test association of the rs12740374 single nucleotide polymorphism (SNP) with plasma LDL-C levels; functional studies to detect the effects of the locus SNP on expression levels of the genes located at the 1p13 locus; assessment of the effects of the nucleotide change on a C/EBPα binding site and promoter activity; and in vivo genetic manipulation in mice to test effects of over-expression or suppression of expression of SORT1 on plasma LDL-C levels.
Results: The minor allele of the rs12740374 SNP was associated with lower plasma LDL-C levels. The allele created a C/EBP (CCAAT/enhancer binding protein) transcription factor binding site, which was associated with enhanced hepatic expression of the SORT1 gene. Overexpression and suppression of expression of Sort 1 in mouse liver led to lower and higher plasma LDL-C and very low-density lipoprotein (VLDL) levels, respectively.
The findings provide functional evidence for a novel regulatory pathway for lipoprotein metabolism and suggest that modulation of this pathway may alter risk for MI in humans.
Discussion: Through a series of studies in human cohorts, mice, and hepatocytes, the data provide strong evidence that a single noncoding DNA variant at the chromosome 1p13 locus influences LDL-C and MI risk. The responsible mechanism is liver-specific transcriptional regulation of the SORT1 gene by C/EBP transcription factors. The clinical importance of this novel pathway is defined by the 40% difference in MI risk between those homozygous for the major and minor alleles of the p13 locus. The effect is comparable to those of common variants of LDLR and PCSK9 and larger than the effects of common variants in HMGCR. The 1p13 minor allele frequency is about 30% in Europeans and is also common in other ethnicities, including African Americans, Hispanics, Asian Indians, and Chinese. Therefore, this locus is an important global genetic determinant of MI risk. In addition, among lipid-regulating genes related to MI, SORT1 is unique for having been identified by GWAS mapping of common DNA variants, rather than by discovery of rare gene variants underlying Mendelian disorders.
Comments
The findings illustrate the potential power of the GWAS, when complemented with mechanistic studies, in elucidation of functional effects of the DNA sequence variants and identification of new pathways for the pathogenesis of complex phenotypes [1] . The main strength of the present study is its multi-tier approach, which is exemplary for genetic association studies. Accordingly, the authors replicated the findings of the previous GWAS studies in two independent populations. Then they analyzed association of the rs646776 SNP located at this locus with the mRNA levels of SARS, CELSR2, PSRC1, MYBPHL, SORT1, PSMA5, and SYPL2, which are also located at the 1p13 locus. They found that the minor allele was associated with increased expression levels of CELSR2, PSRC1, and SORT1 in human liver tissues. The strongest association was with SORT1 mRNA and protein.
To identify the culprit SNP, the authors fine-mapped the region, defined the haplotypes, and analyzed the functional significance of the variants using a reporter assay, which led to identification of the rs12740374 SNP as a candidate SNP. The major allele of this SNP, when included in the haplotype, had the largest effect size on the transcriptional activity of the haplotype. Bioinformatics analysis showed that the minor allele created a C/EBP-α binding site by changing the wildtype sequence GGTGCTCAAT to GTTGCTCAAT on the SORT1 promoter. Binding of the C/EBP-α to DNA sequence at this site increased the promoter activity and expression level of SORT1. To consolidate the findings, the authors over-expressed Sort1 in live mice using recombinant adenoassociated viruses and showed it reduced plasma LDL-C levels. Conversely, suppression of expression of Sort1 in the liver led to increased plasma LDL-C levels. Thus, the authors validated the effects of SORT1 on plasma LDL-C at multiple levels.
The findings are also in accord with the results of previous genetic studies that have reported an association between SNPs at the 1p13 locus and plasma cholesterol levels and atherosclerosis [2] [3] [4] . The minor allele of the rs599839 SNP in SORT1 gene was associated with a decrease of serum LDL-C by 0.14 mmol/L and a 9% decreased risk of coronary atherosclerosis [3] . Despite the strength of the genetic studies, there is uncertainty at the mechanistic level. A recent study showed that Sort1 interacts with apolipoprotein B100 (apoB100) in the Golgi apparatus and facilitates formation and hepatic export of apoB100containing lipoproteins [5] . Consequently, in contrast to the findings by Musunuru et al. [1] , over-expression of Sort 1 stimulated hepatic release of lipoproteins and led to increased plasma LDL levels [5] . Thus, the genetic data provide robust evidence for the causal role of SORT1 in regulating plasma LDL-C. However, the responsible mechanism(s) remain to be established.
The above discoveries are remarkable, as the previous functional studies of the GWAS results typically have faced formidable challenges in identifying new mechanisms. The demanding task of identifying the responsible mechanism (s) of allelic association studies is not only evident for SORT1 but also for the 9p21 locus, which in multiple independent studies has been linked to atherosclerosis and its complications [6] [7] [8] . The locus regulates expression levels of the cell cycle regulators Cdkn2a and Cdkn2b, which are tumor suppressor genes and markers of cell senescence [9] . Deletion of the orthologous region of 9p21 locus in the mouse genome is associated with significant reductions in the expression levels of Cdkn2a and Cdkn2b [10] . In accord with this finding, smooth muscle cells isolated from the 9p21-null mice showed excessive proliferation and reduced cell senescence [10] . These findings are insightful but perhaps to some extent intuitive, as they implicate biological aging as the potential mechanism for atherosclerosis. In contrast, functional studies of the 1p31 locus have been impressive in identifying SORT1 as a novel pathway in cholesterol trafficking, despite the exact mechanisms being completely elucidated.
GWAS, by genotyping the relatively common alleles, have the inherent limitation of identifying alleles that are typically expected to exert minimal or negligible effects on the phenotype [11] . By and large, the common alleles appear to explain only a small fraction of the phenotype [12] . Hence, a significant component of the heritability of the complex phenotypes such as atherosclerosis remains unaccounted for, which is often referred to as "the missing heritability" or "the dark matter of heritability." The proponents of GWAS contend that studies with larger sample sizes and a higher SNP density could lead to identification of the "missing heritability" by detecting alleles with very small effect sizes. Conversely, there is an increasing interest in direct DNA sequencing as a means of identifying rare alleles that exert large effect sizes [13] . Advances in DNA sequencing technologies, such as the next-generation sequencing platforms, afford the opportunity to sequence the whole exome or even the whole genome of every individual and identify rare and novel variants. Considering that each exome has approximately 10,000 non-synonymous variants and probably about 200-300 novel ns-synonymous variants, deep sequencing is likely to dominate genetic studies of complex phenotype in the coming years [14] [15] [16] [17] [18] . Whole genome sequencing also has the advantage of identifying non-coding sequences, including the regulatory variants with significant effect sizes, as was in the case of SORT1. However, "the dark matter of heritability" is likely due to complex interactions between various genetic, genomic, and epigenetic factors [12] . Likewise, the phenotype is the consequence of non-linear and stochastic interactions between different genetic and non-genetic constituents, including environmental factors.
Discovery of any new genetic variant or new molecular pathway naturally raises the interest in exploiting the discovery for therapeutic interventions. Sortilin 1 is a biologically plausible therapeutic target as it is involved in the transport and processing of LDL-C in the liver cells. However, the contrasting results of two mechanistic studies do not provide guidance on how to pursue interventions [1, 5] . Interventions aimed to increase SORT1 level might be more challenging than targeting its suppression, but both are potentially achievable. The next level of challenge is the potential fortuitous effect of interventions to enhance or suppress expression of SORT1, as this protein is diffusely expressed and is a multi-ligand receptor with functions in lysosomal trafficking in various organs, including the brain [19] . Therefore, exploiting the new discovery of SORT1 pathway for therapeutic gain could prove difficult but not necessarily impossible.
In conclusion, the study reviewed here provides multiple lines of evidence that establish SORT1 as a novel regulator of plasma LDL-C levels and hence, as a potential target for therapeutic intervention for hypercholesterolemia and atherosclerosis.
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